The gut microbiota plays a key role in cholesterol metabolism, mainly through the reduction of cholesterol to coprostanol. The latter sterol exhibits distinct physicochemical properties linked to its limited absorption in the gut. Few bacteria were reported to reduce cholesterol into coprostanol. Three microbial pathways of coprostanol production were described based on the analysis of reaction intermediates. However, these metabolic pathways and their associated genes remain poorly studied. In this review, we shed light on the microbial metabolic pathways related to coprostanol synthesis. Moreover, we highlight current strategies and future directions to better characterize these microbial enzymes and pathways.
Introduction
With more than 31% of all global deaths, atherosclerotic cardiovascular disease is now largely recognized as a major concern for global health [1] . A key risk factor for cardiovascular disease includes imbalanced blood cholesterol levels, notably a high serum concentration of low-density lipoprotein cholesterol [2] . Maintaining cholesterol homeostasis is achieved by balancing dietary cholesterol intake through its synthesis, absorption, and excretion [3] .
Current therapeutic approaches aiming at reducing plasma cholesterol levels in humans rely on (i) the inhibition of cholesterol biosynthesis, (ii) an increased elimination of cholesterol from tissues into the intestinal lumen, and (iii) the reduction of cholesterol absorption from the gastrointestinal tract (GIT) [4] [5] [6] . While these three approaches seem attractive, they display several limitations including a significant proportion of non-responders among patients (20-30%) , and the omission of the intestinal microbiota impact on cholesterol cycle [7] . On a daily basis, around 1 g of cholesterol from diet, bile, and desquamated intestinal cells reaches the human colon. This cholesterol amount is metabolized by commensal bacteria to coprostanol [8] . Unlike cholesterol, coprostanol is poorly absorbed by the human intestine [9] . For this reason, it was suggested to have an impact on cholesterol metabolism and modulating serum cholesterol levels [8] . This takes more importance if we consider the existence of an inverse relationship between plasma cholesterol levels and the ratio of cholesterol to coprostanol conversion in the feces [10] . Indeed, cholesterol displays chemical behaviors different from coprostanol, which confer to the latter a feeble intestinal absorption [9] . Cholesterol conversion to coprostanol could therefore constitute a new strategy, allowing a better management of cholesterol homeostasis in humans without influencing host physiology [8] . Notably, some studies reported that cholesterol metabolites could be associated with procarcinogenic effects and an increased risk of colon cancer [11, 12] . The reduction of cholesterol to coprostanol and the properties of this reaction remain largely unknown. This concept is still poorly understood, as few studies are available regarding cholesterol-metabolizing bacteria and their associated genes. Therefore, achieving a molecular characterization of these bacterial pathways represents a challenge in this field of research in setting out new hypocholesterolemic strategies.
In this review, we provide an overview of cholesterol and coprostanol chemical behaviors, and outline the coprostanoligenic bacteria. Moreover, we analyze the current knowledge related to the reduction of cholesterol to coprostanol, and highlight available approaches and future opportunities to better characterize these metabolic pathways.
Cholesterol versus Coprostanol

Chemical Behaviors
Cholesterol, a major sterol in body tissues, was first discovered in solid form in gallstones and bile [13] . It is a complex lipid substance that plays a key role in many biochemical processes [14] [15] [16] . From a structural point of view, cholesterol (C 27 H 46 O) is mostly a hydrophobic molecule that has a rigid, steranic core coupled to a hydrophilic hydroxyl group at position 3. Such a unique structure is composed of four, fused hydrocarbon rings: A, B, C and D (Figure 1 ). Its physicochemical properties confer an amphiphilic nature and a specific orientation (i.e., A/B ring: trans) adapted to its integration into cell membranes [17, 18] . Most plasma cholesterol exists in an esterified form (with a fatty acid attached at C3), making the molecule even more hydrophobic [19] . Cholesterol ester is the form of storage under which cholesterol is found in most tissues and plasma [19] . As a main structural component of cell membranes, cholesterol regulates membrane fluidity and cellular signaling, and serves as a precursor of important molecules including steroid hormones (e.g., progesterone, estrogen, etc.), vitamin D, and bile acids [20] . Coprostanol, a saturated analog of cholesterol, was first isolated in the mid-1800s and characterized as an alcohol (C 27 H 48 O) [21] . This sterol shares the same basic structure as cholesterol, but it lacks the 5-6 double bond and it has an additional hydrogen atom at position 5. This gives different properties to the sterane nucleus, making it less rigid ( Figure 1 ) [21] . At room temperature, coprostanol is a white crystalline solid with a melting point of 101 • C [22] . Like cholesterol, coprostanol is highly soluble in hexane, benzene, and chloroform. However, both sterols are insoluble in polar solutions like methanol [22] . The solubility of such sterols in alcoholic solvents increases with an increasing chain length of the alcohol-hydrocarbon moiety [23] . Accordingly, they tend to be more soluble in ethanol, but completely soluble in butan-1-ol [23] . Notably, cholesterol is insoluble in water at concentrations less than 1 µg/mL at 30 • C [24] ; nevertheless, no report exists on coprostanol solubility.
Unlike most saturated sterols found in nature, which are A/B-trans, coprostanol seems to be the only exception with a cis-oriented A/B ring structure (the 3-hydroxyl group in coprostanol is in an equatorial configuration on ring A) [25] . The biological role of this compound remains to be elucidated.
Intestinal Uptake
The poor absorption of coprostanol in the intestine was associated with its very low uptake through the intestinal mucosa and its limited esterification in mucosal cells [9] . Indeed, the cis-A/-B ring structure in coprostanol, driving the difference in the 3-hydroxyl group from the axial to equatorial position, was suggested to affect coprostanol incorporation into mucosal cell membranes, thereby limiting its intestinal uptake [26] . Hence, a high-efficiency conversion of cholesterol to coprostanol was proposed to lower serum cholesterol levels [27, 28] . Cholesterol absorption takes place mostly in the upper GIT [29, 30] , while coprostanol production occurs essentially in the large intestine [31] . This concept remains highly controversial, as earlier studies revealed the presence of significant amounts of coprostanol in the first half of the small intestine in rats [32, 33] and humans [34] .
Microbial Conversion of Cholesterol to Coprostanol
Coprostanoligenic Bacteria
Cholesterol conversion to coprostanol by intestinal bacteria was first reported in the 1930s [35] . Since coprostanol was not detected in tissues, but mainly in larger amounts in feces (more than 50% of total sterols in humans), this product was proposed to derive from bacterial conversion in the intestine [35, 36] . A key role for the gut microbiota in this biotransformation was further investigated by comparing fecal sterols of conventional and germ-free rats. In fact, contrary to the conventional group, germ-free rats excreted only unmodified cholesterol [37] . These data provide evidence for the role of gut microbiota in cholesterol metabolism, including coprostanol synthesis. Numerous reports were aimed at identifying bacteria that were able to reduce cholesterol to coprostanol [38] [39] [40] [41] [42] [43] .
As anaerobic strains are difficult to culture, only few coprostanoligenic bacteria were isolated from rat cecal contents [38] , baboons [40] , and human feces [44, 45] . Surprisingly, most strains exhibited similar properties and were assigned to the genus Eubacterium [40] [41] [42] [43] [44] , except Bacteroides sp. strain D8 [45] . Bacteria belonging to Bifidobacterium, Clostridium, and Lactobacillus were also reported to reduce cholesterol to coprostanol in vitro [46] [47] [48] , yet they were not explored in vivo. Based on metagenomic analysis, new bacterial phylotypes from Lachnospiraceae and Ruminococcaceae families were recently associated with high coprostanol levels in healthy humans [49] . Notably, associations of these bacterial taxa with coprostanol levels require further functional studies in order to elucidate the eventual causal relationship between these microbial communities and coprostanol synthesis.
Two Patterns Cepending on Gut Microbiota
In humans, microbial conversion of cholesterol to coprostanol is bimodal, with a majority of high producers (almost complete cholesterol conversion) that display low cholesterolemia and a minority of low, or inefficient, producers (coprostanol content representing less than one-third of the fecal neutral sterol content) [50, 51] . Such conversion patterns were found to be equally distributed with respect to sex, and were independent of age [51] [52] [53] . Factors affecting cholesterol conversion were defined and proposed to be closely related to the abundance of cholesterol-metabolizing bacteria [39, 46] . In fact, low converters harbored less than 10 6 cholesterol-metabolizing bacteria per gram of stool, while more than 10 8 cholesterol-metabolizing bacteria per gram of stool led to nearly complete cholesterol conversion [52] . Remarkably, Sekimoto et al. (1983) reported the existence of an inverse relationship between serum cholesterol levels and the coprostanol/cholesterol ratio in feces [9] . These findings denote that the conversion of cholesterol into coprostanol can significantly decrease the blood cholesterol level. A correlation between fecal microbial community structure and the conversion rate of cholesterol to coprostanol was also reported [46] . Interestingly, the high density of bacteria in the colon can explain the significant production levels of coprostanol seen in this part of the GIT. In fact, we previously reported the identification of the first human bacterium (Bacteroides sp. D8) that displayed a high coprostanol production level in human feces [45, 54] . Furthermore, feeding the cholesterol-reducing bacterium Eubacterium coprostanoligenes significantly reduced plasma cholesterol levels in hypercholesterolemic rabbits [27] . Accordingly, greater coprostanol/cholesterol ratios were detected in the digestive contents of bacteria-fed rabbits [27] . Such effect was further ascribed to the reduction of cholesterol to coprostanol in the intestine, seeing that E. coprostanoligenes colonized and reduced cholesterol in the jejunum and ileum (sites for cholesterol absorption) [27] . The progress in functional knowledge related to the human gut microbiota, and the availability of new microbial culture facilities, offer a unique opportunity to isolate new coprostanoligenic bacteria belonging to different taxa.
Metabolic Pathways
The mechanism of cholesterol conversion to coprostanol was investigated and three major pathways were proposed [38, [55] [56] [57] [58] . The first one is a direct, stereospecific reduction of the 5,6-double bond of cholesterol, without an intermediate formation of a ketone at C3 (Figure 2 ) [59, 60] . This statement was supported by the use of labeled cholesterol that led only to coprostanol synthesis [59, 60] . The second one is an indirect pathway, which was described through the action of several bacteria on marked cholesterol (Figure 2 ). In fact, it was reported that cecal rat contents (Eubacterium strain, E. coprostanoligenes, and Bacteroides sp. D8) incubated with labeled cholesterol allowed for the production of cholestenone and coprostanone intermediates, demonstrating that this microbial pathway involved at least three steps [45, 61, 62] . The third pathway consisted of the isomerization of cholesterol to allocholesterol, which can be reduced to coprostanol by Eubacterium ATCC21, 408, and 403 species [38, 57, 58] . However, few data exist regarding this last bacterial metabolic pathway. The first two steps of the indirect pathway are catalyzed by a single enzyme, cholesterol oxidase (EC 1.1.3.6), and result in the formation of 4-cholesten-3-one with a reduction of oxygen to hydrogen peroxide (Figure 2) . Briefly, the 3-β-hydroxyl group of the steroid A ring is first oxidized to the corresponding ketone using the FAD (Flavin Adenine Dinucleotide) cofactor, which is reduced during this process (reductive first-reaction). Since the 5-cholesten-3-one intermediate is not stable and susceptible to radical oxygenation, the ∆5 double bond in the oxidized steroid ring is then isomerized to ∆4 to form 4-cholesten-3-one, the final steroid product. During the oxidative half-reaction, the FAD is finally re-oxidized by dioxygen to form hydrogen peroxide (Figure 2) [63, 64] . To efficiently catalyze both reactions (oxidation and isomerization), distinct and essential features are required for cholesterol oxidase. As a starting point, the substrate (cholesterol) must be properly oriented to the cofactor to allow for hydride transfer from the steroid C3 site to the N5 site of the cofactor [64] . Then, during the dehydrogenation step a base is needed to: (i) deprotonate the steroid C3-OH, and (ii) transfer protons during the isomerization reaction [64] .
Biochemical and structural studies were performed for cholesterol oxidases of several microorganisms, mostly deriving from soil [65] [66] [67] [68] [69] . Structural studies revealed the existence of two forms of cholesterol oxidases: one with the FAD linked covalently to the enzyme, and another with the FAD non-covalently bound [64] . Despite topological differences in these two forms, both enzymes exhibit a large buried hydrophobic pocket, able to accommodate the steroid substrate (Figure 3) . In both forms, the binding site for cholesterol is sealed off by a number of amphipathic loops to prevent potential aggregation. Once opened, these loops allow the sterol to exit from the membrane so that the 8-carbon isoprenyl tail of cholesterol can pack and bind to the protein [64] . Following substrate binding, hydrophobic interactions between cholesterol and hydrophobic residues minimize energy loss. Two active-site residues, Histidine and Glutamate, were shown as important to catalyze the oxidation and isomerization reactions (Figure 3) . The Histidine residue binds to the C3-OH of the steroid, allowing for proper positioning of cholesterol relative to the FAD cofactor. Glutamate acts as a base during the isomerization reaction [70, 71] . The third step in the conversion of 4-cholesten-3-one to coprostanone includes a reduction of the ∆4 double bond into 3-oxo-∆4-steroid by microbial 3-oxo-∆4-steroid 5β-reductase (EC 1.3.1.3). Purification and activity monitoring of this reductase was performed initially in cecal contents from rats [68] . This process was found to involve a partial transfer of hydrogen from the 4β-position of NADH (Nicotinamide adenine dinucleotide) to the 5β-position of the steroid [73] .
Based on transcriptomic studies using Bifidobacterium bifidum PRL2010, Zanotti et al. (2015) reported the up-regulation of three genes encoding for a putative cholesterol reductase in the presence of cholesterol [74] . The in silico study of these genes demonstrate that they display significant similarities with human cholesterol reductase (34% similar), thus, highlighting their potential involvement in the conversion of cholesterol to coprostanol [74] . A comparative study showed that all Bifidobacterium genomes contained genes 26% to 100% similar to Bifidobacterium bifidum reductase PRL2010. [74] . Recently, we analyzed the Eubacterium genomes, and no significant similarities were found with reductase genes [75] . The same study demonstrated that the Bacteroides sp. D8 genome showed 37% to 46% similarity with a cholesterol reductase-encoding gene from Bifidobacterium bifidum PRL2010 [75] . Overall, these results indicate that only few functional studies were focused on reductase, explaining the lack of mechanistic knowledge concerning this class of enzyme.
Towards a Better Understanding of the Coprostanol Production Pathway
Although cholesterol metabolism by gut microbiota has been known for almost a century, the genes and enzymes involved in the conversion of cholesterol to coprostanol are still largely unknown. Only a few coprostanoligenic bacteria have been isolated so far, and very few cholesterol-metabolizing strains are available [42, 45] . Such strains are highly oxygen-sensitive, very difficult to grow, and seem to be non-dominant species within the human gut microbiota of high converters. Isolation of new cholesterol-metabolizing strains from the gut microbiota, and other ecological niches, will be of great interest to identify the genes involved in the reduction of cholesterol to coprostanol. Many approaches aiming at identifying bacterial functions are available, including activity-based screening and phenotypic assays [48] . With the availability of sequenced bacterial genomes and the diversity of coprostanol producing bacteria, comparative genomic approaches may also enable the identification of genes shared among coprostanoligenic microbial species [74] . The analysis of up-regulated genes in the presence of cholesterol using omic approaches can lead to the identification of candidate genes. Furthermore, functional metagenomics is a powerful way to characterize coprostanoligenic pathways from uncultured and metagenomic species. High throughput coprostanol analysis, coupled with targeted mutagenesis and genomic/metagenomic libraries, may provide additional mechanistic insights [76] . An in-depth, functional profiling of metagenomic data combined with biochemical insights may also help to achieve this goal.
Conclusions
Several reports stressed the key role of gut microbiota in cholesterol metabolism, essentially through the conversion of cholesterol to coprostanol. Microbial metabolic pathways remain poorly understood, as well as their relevance and distribution in the human gut microbiome. Significant efforts have been made to isolate new cholesterol-metabolizing bacteria and analyze their genomes. Unfortunately, these strategies did not allow the identification of genes responsible for coprostanol synthesis. Therefore, a critical need exists to set out new approaches and/or tools to analyze these microbial metabolic pathways and their associated genes. Deciphering the biochemical and structural features of the encoded proteins will be of interest to understand the properties of this reduction reaction and its importance for bacteria. 
